With excellent permeability, large specific surface area, high porosity, and outstanding internal connectivity, polysulfone (PSU) electrospun membrane can be a good filter media. However, the asspun PSU electrospun membrane is poor in mechanical properties with bulky structure, and the binding force between fibers is low. In this paper, the effects of heating time, temperature, and heating method during heat treatment on the morphology, mechanical properties, and chemical stability of PSU electrospun membrane were studied and analyzed. The results show that the PSU membrane would achieve the best performance when treated at 190°C for three hours with tension heating. After tension heating, dimensional stability, appearance, integrity, and mechanical properties improved; chemical stability in the alcohol solution increased greatly, but the membrane shrunk quickly in the acetone solution.
INTRODUCTION
Polysulfone(PSU), with many excellent properties, such as chemical inertness, compressive strength, thermal stability, and mechanical strength, is one of the most popular synthetic polymer materials used for fabrication of membranes [1] [2] . So far, PSU membrane has widely been applied to micro-/ultra-filtration, gas separation, pervaporation, hemodialysis, plasma separators, membrane oxygenators, cell culture, and bio artificial organs, [3] .
PSU membranes were traditionally prepared by a phase inversion process. In recent years, with the increasingly mature of electronspinning technique, PSU membranes have been successfully obtained by the electrospinning method, which is not only convenient to operate, but also produce fibers with diameters ranging from scores of nanometers to several micrometers by changing the electronspinning parameters. Moreover, the PSU electronspun membrane, light in weight and excellent in permeability, has large specific surface area, high porosity and good internal connectivity, and therefore is considered to be an ideal filter media [4] [5] [6] [7] . However, the application of PSU membrane in filtration was often limited due to its hydrophobic nature, which would result in serious membrane fouling and decrease of water flux. Also, since the as-spun electrospun PSU membrane suffers the disadvantages such as bulky structure, low bind force between fibers, and poor mechanical properties, it is necessary for the as-spun membrane to be further modified before use.
The modification and post-treatment of PSU membrane has been a hot subject among researchers, and can be divided into three kinds. The first kind is to introduce the hydrophilic group to the surface layer by coating, adsorption, plasma treatment and surface grafting polymerization, so as to increase the hydrophilicity of PSU membrane. With this in mind, Lee Eun Sang et al. [8] introduced cross linkable acrylic moiety to PSU through chloromethylation method, and then the cross-linked PSF films were produced via UV expose, after performing solvent casting films of the polysulfone methylene
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http://www.jeffjournal.org SPECIAL ISSUE -July 2012 -FIBERS methacrylate (PSFMM), and they found that the cross-linked PSFMMs were insoluble in various protic and aprotic polar solvents, and have low CTE (coefficient of thermal expansion) value. Robinette E.J. et al. [9] modified electrospun polysulfone fiber surfaces with acrylamide by radiation grafting using electron beam (EB) and plasma treatments, and the results showed that the contact angle of the grafted fibrous mats decreased, which indicated its water affinity was improved, and the affinity can be controlled by varying the degrees of grafting. Han-Bang Dong et al. [10] grafted hydrophilic PEGMA and PGMA to the PSU membrane via surface-initiated atom transfer radical polymerization, and they discovered that the modification resulted in the porous structure of the membrane, and the hydrophilicity as well as the fouling resistance of grafted membrane were enhanced.
Another kind of treatment to promote the performance of the PSU membrane is adding the hydrophilic substance into the PSU preparation solution to gain hydrophilic blend membrane. In Choi Jae-Hyun et al.'s [11] research, MWNTs treated with strong acid were used to prepare MWNTs/PSU blend membrane, and the hydrophilicity, pore size, and porosity of the blend membrane can be changed by varying the addition of MWNTs content, therefore the membrane flux and rejection can be successfully controlled by this way. Fan Zhifeng et al. [12] prepared PANI/PSU blend membrane, and its hydrophilicity, porosity, internal connectivity, and thermal properties were better than that of the pure PSU membrane because of the hydrophilicity of PANI, and also when the PANI content was 15%, the breaking stress and breaking strain increased by 28% and 30.5% respectively. Zhang Yuqing et al. [13] added modified nanosilica with higher activity and hydrophilic property to the PSF porous matrix, and the composite membrane presented better mechanical property and hydrophilicity, with contact angle reducing from 78.6• to 41.7• and porosity reaching 75%, and the flux in treatment of wastewater containing oil was greatly increased as well. Kim et al. [14] successfully electronspun TiO 2 /PSU membrane, and they found that with the increasing content of the PSU, the breaking stress and initial modules of the composite membrane both raised.
Post-treatment, such as heat treatment and acid treatment is the third kind treatment adopted to improve the morphology and performance of the PSU membrane. Ma Zuwei et al. [15] fabricated PSU membrane by electronspinning, and then the PSU fiber mesh was heated at 188°C for six hours to significantly improve the mechanical strength of the fiber mesh, and the adhesion between fibers was enhanced obviously without any destroy in fiber structure, moreover, integrity and mechanical property of the treated membrane were improved greatly. This conclusion has also been confirmed by Renuga G et al.'s [6] research. The results of Benavente J. et al.'s [16] study indicated that, HNO 3 treatment leaded to the degradation of the polyamide for the polyamide/polysulfone composite membranes, but there was no effect on the polysulfone layer, and this treatment effectively reduced the aging of the membrane, increased the permeability of NaCl and decreased the membrane resistance.
The electrospun PSU mats can be used for air filtering materials, waste water pretreatment and other micro-/ultra filtration. So far, there are just a few researches on the reinforcing of mechanical property and chemical stability for PSU electronspun membrane. On the basis of previous work [18] , this paper systematically studied the effect of heating time, temperature, heating method on the morphology, mechanical property, and chemical stability of the PSU electronspun membrane.
EXPERIMENTAL
Experimental Materials
Polysulfone (PSU, Mn=80000) particles was supplied by Wuxi Lianhe-Hengzhou Chemical company, and N, N-dimethylformamide (DMF, 99%) was purchased from J&K scientific LTD. acetone (99.5%), alcohol (99.7%), HCl (36%-38%) and NaOH (96%) were all provided by Shanghai chemical reagent company, and H 2 O 2 (30%) was purchased from Shanghai Shenxiang chemical reagent company. All the reagents were analytical grade, and DMF (99%), acetone (99.5%), and alcohol (99.7%) were used as received.
Sample Preparation
Preparation of the Electrospinning Solutions: PSU particles were dissolved in the mixture solvents of DMF and acetone (w/w=9:1) at room temperature, yielding 20% concentration. Then the PSU electrospinning solutions were prepared mixing with vigorous stirring.
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http://www.jeffjournal.org SPECIAL ISSUE -July 2012 -FIBERS Electrospinning Process: PSU fibrous nonwoven membrane was fabricated by the electrospinning method with self-made devices. Briefly, PSU solution (20 wt. %) was transferred into a 5 ml glass syringe. A syringe pump（Kd scientific 100, USA) was used to squeeze out the polymer solution at 4ml/h through a metal needle with an inner diameter of 0.45mm. The positive electrode of the high voltage power supply was connected to the metal needle. The grounded electrode was connected to a metallic collector (8cm×8cm) wrapped with aluminum foil. Electric voltage was optimized at 12 kV. The polymer solution was drawn into fibers by the high voltage and deposited on the collector to form a nonwoven fibrous membrane. The distance between the tip of needle and collector was fixed at 20 cm.
Heat Treatment
Relaxed heating and tension heating were the two heating methods used in this research. Relaxed heating was accomplished by hanging the asspun PSU membrane with one point fixed in the oven. In order to prevent shrinkage of the membrane during heat treatment for the tension heating, two iron 50g clamps were used to hold the opposite sides of the membrane without peeling the membrane from the aluminium foil, The membrane was then horizontally place in the oven. On one hand, the aluminium foil can exert a binding force on the membrane, which facilitated the membrane to keep its original size, and on the other, two iron clamps with their own weight kept the membrane in the tension state during heating, and this further prevented the shrinkage of the membrane. The two methods of heating are shown in Figure 1 . 
Chemical Stability
Six different solutions were used to study the chemical stability of the PSU membrane as follows: 1. alcohol solution; 2. acetone solution; 3. 5wt% H 2 O 2 solution; 4. NaOH solution with pH between 13-14; 5. HCl solution with pH between 1-2; 6. deionized water.
Six same PSU membrane treated with tension heating at 190°C for three hours were taken as tension-heated group and six asspun PSU membranes as asspun group. The size of each membrane sample was 5cm×5cm. The six same membranes in each group were respectively immersed in the six solutions mentioned above for four days. Each solution was 200ml in volume, and each membrane was completely immersed in the solution. The membranes were then dried after rinsing with deionized water until the pH of the rinsed water reached seven. After that, the dried membranes were again immersed in the solutions for another four days. Finally, the membranes were rinsed and dried under constant temperature and humidity for further use.
Measurement of Fiber Morphology and Diameter
The 2mm×3mm electrospun nano-scale fiber nonwoven was fixed on a sample holder by double side adhesive tape and coated with gold. Then, the longitudinal images of fibers were observed and recorded by Hitach S-4700 SEM.
The fiber diameters were obtained with HJ2000 software. Firstly, the pixel numbers (D) of the scale line were recorded by the software, and the real length (L) was given in the SEM picture. Then the pixel numbers (p) of the fiber diameter and the real value of the fiber diameter (D) were calculated by the following formula:
100 fibers were measured for every sample and average diameter was obtained as the final diameter.
Mechanical Performance Test
The mechanical property of the membrane was tested by an Instron 3365 testing machine with crosshead speed 10mm/min, gauge length 10mm, temperature 20±2°C and relative humidity 65±5%. The measuring accuracy of strength and elongation were 0.01cN and 0.01mm respectively, and the initial tension is 0.1cN. http://www.jeffjournal.
org SPECIAL ISSUE -July 2012 -FIBERS
The size of a sample is 40 mm × 2 mm. All samples were balanced for 24 hours under the testing temperature and humidity, and every sample was measured ten times.
The thickness of each membrane was measured by the electronic digital micrometer (Guilin Guanglu Measuring Instrument CO., LTD.). Each membrane was measured five times and the average value was taken as the final thickness.
The mechanical property was characterized according to the following formula: The slope at 1% in stress -strain curve was calculated as the initial modulus.
RESULTS AND DISCUSSION Effect of Heat Treatment Parameters on Morphology Structure
Heating Method and Temperature: Figure 2 and Figure 3 respectively show the PSU membranes treated at 180°C, 185°C, 190°C and 195°C with relaxation heating and tension heating. As can be seen from Figure 2 , after relaxation heating, the fiber diameter increased slightly, and with temperature from 180°C to 195°C, the straight fiber tended to be curved, but there was no obvious change in fiber diameter. For tension heating, it can be observed from Figure 3 that, the fiber surface morphology exhibited no significant difference after heating at 175°C, and when the temperature reached 180°C, fiber diameter began to decline obviously, however, with the temperature continuing increasing, the descending tendency became gently, and there was no change existing in the surface morphology. Figure 4 compares the difference in the distributions of fiber diameter between PSU membrane with tension heating and relaxation heating.
From the observation above, we found that during tension heating, it was the two iron clamps that made the PSU membrane in the tension state, with the fiber remaining straight, and this resulted in the decline of the fiber diameter. This may be explained as follows: when in the relaxation state, the molecular chains tended to stay in a stable state with minimum energy; thus the PSU fiber became to shrink, but due to the restrain of the entanglement crosslink between fibers, the shrunk fiber presented to be curved at the same time. When the membrane was held by the iron clamps, the molecular chains would stretch and rearrangement along the direction of the external force under the effect both of heat and tension, and gave rise to both the enhancement in the structural density of the internal fibers and the decrease in the fiber diameter. Table I lists the changes in the size of PSU membrane after the PSU membrane was treated with relaxation heating for three hours at different temperatures. The increasing temperature lead to the gradual decrease in the membrane size and increase in the membrane thickness and also resulted in the densification of the membrane structure. While for the tension heating, there existed almost no changes in the size of PSU membrane.
During electronspinning, the fibers would stretch to some extent under the electric field force, and although the stress relaxation occurred in the whipping and splitting process, there was yet certain internal stress remaining in the fiber. The difference between the changes of the membrane size with relaxation heating and that with tension heating may attribute to that. When the PSU membrane was treated with relaxation heating, the movement of the molecular caused the internal force of the fiber to relax, therefore the fiber tended to shrink and curve lengthways, and swell in the radial direction, which appeared as shrinkage in membrane size and an increase in membrane thickness at the macroscopic level. For the tension heating, the molecules would rearrange along the direction of the external force and reach a new stable state for the fiber structure, and this will also restrain the curviness and shrink the fiber. Therefore, the PSU membranes used in the following research were all treated with tension heating.
Heating Time: Figure 5 shows the SEM pictures of the PSU membrane treated with tension heating at 190°C for 1, three, and five hours. The pictures demonstrate that the fiber diameter declined as the heating time was raised to three hours, while when the heating time reached five hours, there was almost no change in the fiber diameter. 
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The molecular chains and segments of the fibers would rearrange with the effect of heat, however, because of the interaction within and between molecules, this structural change presented to be time-dependent. At the beginning of the heating, the molecular segments, with certain activation energy, rearranged along the direction the external force orderly, and the arrangement of the molecules tended to be tightly and regularly; thus the fiber diameter changed dramatically. With continued heating, the arrangement of the molecular chain along the direction of the external force was further enhanced, and the fiber diameter decreased gradually. As all the molecular reached the most stable state, the micro structure of the fiber did not change any more, so the fiber diameter would maintain a certain value.
Effect of Heat Treatment on the Performance Effect of Heat Treatment on the Mechanical Property:
The statistics in Table II show the mechanical properies of PSU membrane after tension heating at different temperatures. The results indicate that, when the temperature was 175°C, the breaking stress did not change, while the initial modules and the breaking strain decreased slightly. With the temperature increasing within 190°C, the breaking stress, the initial modules and the breaking strain all increased gradually. Since the mechanical properties began to decline as the temperature continued raising to 195°C, the maximum value of the initial modules, breaking stress, and breaking strain were obtained when the temperature was 190°C.
The mechanical properties of the PSU membrane were promoted obviously after tension heating at 190°C for three hours. Although the structure of the asspun PSU membrane had already formed, it did not reach the stable state and presented to be a bulky structure with much hairiness on the membrane surface; and separation was apt to occur in the membrane as well (Figure 6 (a) ). During the heating process, the enhancing energy of some bound water and adsorption water molecules in the membrane enabled themselves to escape by overcoming the binding of hydrogen bonding and other molecular interaction. Meanwhile, the movement of the macromolecular chains was boosted as its activation energy increased. This not only promoted the mutual attraction of polar groups within or among the molecular chains, but also further reduced the space in the membranes. Therefore, the heating treatment was actually the process during which the dehydration and shrinkage occurred to the membrane, for one thing, and for another, the stage that the membrane structure tended to be more compacted and stable [18] . From the Figure 6 (b) , it can be seen that after heat treatment, the membrane surface became smoother and the fiber arrangement closer. Moreover, the stretch process during the electronspinning was short, but the relaxation time of the molecular chain was relatively long. So that among the fiber structure formed at this period, some molecular segments appeared to be in the relaxed state, while some other segments in the tight state. Also a few connecting points formed at some parts of the molecular chain with existence of the internal stress [19] . The heating process, the period during which was close to the relaxation time, on one hand, effectively removed the internal force and resulted in http://www.jeffjournal.org SPECIAL ISSUE -July 2012 -FIBERS the disentanglement and enhancement of the connecting points accompanied with formation of some new weak connecting simultaneously. And all of these facilitated the better arrangement of the fiber molecules, the enhancement of structure stability, and improvement of the mechanical properties. On another hand, the molecular movement was boosted when undergoing the tension heating, and the heat together with the tension enabled considerable molecules with folding chains to unfold and then rearrange along the direction of the external force. As a result, the orientation degree of fibers in amorphous regions and density both enlarged, so the initial modules, breaking stress, and breaking strain all increased. However, the heat also gave rise to the degradation of the weak bonds in the fiber macromolecules, and with the temperature rising, the interaction between molecules reduced, but the degradation enhanced; thus leading to the worsening of the mechanical properties. That is the reason why, when the temperature exceeded 190°C, some PSU molecular chains began to break down and the mechanical properties decreased.
The results of mechanical properties of PSU membrane treated by tension heating at 190°C with different heating times are listed in Table III . After a one hour heat treatment, the initial modules, breaking stress, and breaking strain all increased dramatically. With the heating time lasting to three hours, the initial modules and breaking stress just slight enlarged, and the change in breaking strain was not obvious. As the time reached five hours, the initial modules, breaking stress, and breaking strain all began to decline notably. The effect of heating time on the mechanical properties of the PSU membrane, it can be explained by the equivalent principles of time-temperature. With tension heating, the mechanical properties were improved when treated within a definite period of heating time, and the extension of heating time is equivalent to raising the temperature. So that, when the heating time reached five hours, the over-long heating time lead to the degradation of some molecular chains and the mechanical properties of a single fiber declined, finally resulting in the drop of the mechanical properties of the PSU membrane. Therefore, the best mechanical properties of the PSU membrane were achieved when the membrane was treated at 190°C for three hours with tension heating.
Effect of Heat Treatment on the Chemical Stability of PSU Membrane
After chemical treatment, the asspun membrane immersed in alcohol solution appeared as cotton-like, while the tension-heated membrane immersed in alcohol solution seemed to be smooth and flat, and there was no change in their macro morphology. However, these two membranes both shrunk rapidly and finally became very hard just like the resin particles. After treated with 5wt% H 2 O 2 , NaOH, HCl, and deionized water, the membranes became harder, and besides that, there was no obvious change for the tension-heated samples, but wrinkle occurred in the asspun membranes. Among them, there appeared a hole in the asspun membrane treated with NaOH. Figure 7 and Figure 8 respectively show the photos of asspun membranes and tension-heated membranes (190°C -3 hours) after chemical treatment. The results above indicate that, when the asspun membrane was immersed in the acidic, alkaline, or oxidative solutions, wrinkle, erosion, and damage may have occurred to the membrane, and the asspun membrane shrank rapidly in the acetone solution, while in alcohol, it could not keep the original shape. The tension-heated membrane, besides immediate shrinkage and degradation in the acetone solution, displayed excellent acid and alkali resistance, and could be completely infiltrated in the alcohol solution. So we can conclude that, the chemical stability of tension-heated membrane was better than that of asspun membrane, and it was the heat treatment that improved the appearance and dimensional stability of the PSU membrane. Moreover, alcohol solution can be used to rinse the tension-heated PSU membrane in practical applications. Table IV shows the results of mechanical properties of tension-heated membranes (190°C -3 hours) after chemical treatment. From the data, we discovered that no fundamental changes occurred to the tension-heated membranes after chemical treatment, and the mechanical properties were improved to a certain degree after the treatment with acid solution and deionized water.
The asspun membrane treated with the alcohol solution was badly damaged when taken out, and it was difficult to test its mechanical properties, while the mechanical performance of tension-heated sample immersed in the alcohol solution still remained excellent, close to that of control sample. After treatment with NaOH solution and H 2 O 2 solution, the initial modulus of both asspun membrane and tension-heated membrane increased, but breaking strain decreased to the extent that the drop of the asspun membrane was greater than that of tension-heated one, while the breaking stress of asspun sample worsened, but that of the tension-heated membrane was slightly improved. For the treatment with HCl solution and deionized water, the breaking stress of all the samples increased, and the initial modules of the tension-heated membrane was greatly improved, while that of the asspun one showed no changes. So it was clear that the heat treatment significantly promoted the chemical stability of the PSU membrane. http://www.jeffjournal.org SPECIAL ISSUE -July 2012 -FIBERS 
CONCLUSIONS
(1) When the PSU membrane was treated with relaxation heating, the fibers tended to curve and shrink, the membrane size reduced, and the membrane thickness increased with the raising temperature; for the tension heating, the heat treatment resulted in the increase of compactness and smoother surface for the PSU membrane, but did not affect the membrane size. So it is suitable to choose tension heating.
(2) When treated with tension heating, the diameter of PSU fibers reduced and the mechanical properties improved with the increase of either temperature or time. The best mechanical property was achieved at a temperature was 190°C and time of three hours with tension heating, which can be regarded as the optimum process conditions. The continuing increase of either temperature or time would result in the worsening of the mechanical property.
(3) Tension heating yielded excellent chemical stability to the PSU membrane. After chemical treatment with alcohol, acid, alkaline, and H 2 O 2 solution, the membrane still remained a smooth surface and excellent dimensional stability, and stable micro-morphology, with no erosion occurring in the fiber surface. The breaking stress was unaffected, while the rigidity of the membrane was enhanced, which indicates that the initial modules increased and breaking stain
